Background. It is unclear if malaria causes deranged liver enzymes. This has implications both in clinical practice and in research, particularly for antimalarial drug development.
With 92% of malaria cases and 93% of malaria deaths occurring in sub-Saharan Africa in 2017, the threat of artemisinin resistance spreading to the region is of great public health concern [1] . For malaria control and eradication to be feasible by the target of 2030 [2, 3] , there is a necessity to develop novel therapeutic compounds, but no new clinical entities (NCEs) treating blood-stage infections having been developed since artemisinin [4] . The likelihood of artemisinin resistance spreading means that without new medications, significant barriers to control and eradication would remain [5] .
As with any drug development, attrition of antimalarial drugs in development pipelines is common and also extremely costly [6] . Characterizing liver enzymes in uncomplicated malaria is becoming increasingly important, as clinical trials of novel antimalarial NCEs have reported abnormalities in liver enzymes, specifically alanine aminotransferase (ALT) and/or total bilirubin (TB) [7] [8] [9] [10] [11] [12] [13] . Regulatory bodies such as the US Food and Drug Administration (FDA) typically use Hy's law for evidence of liver toxicity in clinical trials, as severe drug-induced liver injury (DILI) tends to occur at a frequency of at least 10% of this rate [14] . Hy's law sets a danger threshold of 3× upper limit of normal (×ULN)-fold elevations of aminotransferases compared with a control arm, with an elevation of serum total bilirubin to >2×ULN [14, 15] .
The World Health Organization (WHO) guidelines reports that severe malaria can cause multi-organ failure and liver damage, with jaundice being relatively common [16] . In nonsevere malaria, the guidelines state that hyperbilirubinemia is relatively common, and aminotransferase liver enzymes may be elevated up to 10-fold, but signs of liver failure are extremely rare. The extent of abnormalities in aminotransferases are not further characterized by the WHO, and in general, data on nonsevere malaria is more limited. Studies are often heterogeneous, lack control groups, are cross-sectional in nature, or do not control for confounders such as disease severity, making it difficult to draw inferences. Jaundice can occur (possibly due to hemolysis) and raised aminotransferases, but the exact frequency of these results varies depending on the study [17] [18] [19] [20] .
Furthermore, some approved antimalarial medications can cause mildly deranged liver enzymes [21] , leading to further difficulties in interpreting trial results. Liver dysfunction can occur due to many currently used antimalarial therapies, either through malaria prophylaxis or treatment. Chloroquine has not been found to cause liver toxicity and appears to be safe in mild liver disease [22] . Sulfadoxine/pyrimethamine is well known to cause hepatic toxicity, including liver granulomas, mixed cholestatic-hepatocellular hepatitis, acute hepatic necrosis, and chronic hepatitis [23] [24] [25] . Malarone has been associated with deranged liver enzymes [21] , and mefloquine can cause a transient rise in liver enzymes but is not associated with significant hepatotoxicity [26, 27] . Hepatotoxicity with the use of quinine and doxycycline is rare [28, 29] . Artemisinin combination therapies (ACTs) have a good safety profile and generally have replaced other antimalarials due to their efficacy and tolerability. They are known to cause delayed hemolysis and therefore hyperbilirubinemia [30] , but some studies have also found that self-limiting, mild rises in aminotransferases can also occur [28, 31] .
Historically, the impact of malaria and antimalarials on liver enzymes has been unclear. Drug development trials have shown conflicting results [8-10, 12, 32] , but these often enroll small numbers, lack a control group, and are not specifically designed to determine the cause of the liver enzyme abnormalities. This makes it challenging to differentiate whether any liver enzyme changes are due to the malaria itself or the NCEs being tested. However, more recently a number of studies have been conducted that have specifically attempted to address issue [7, [33] [34] [35] . A substudy of the West African Network for Clinical Trials of Antimalarial Drugs (WANECAM) phase 3b/4 trials was specifically designed to investigate the prevalence of liver abnormalities among individuals ≥6 months in age with uncomplicated malaria; those taking pyronaridine-artesunate (PA) were compared with those taking artemether-lumefantrine (AL) [7] . This study found an ALT rise in 28/1015 (3%) and 7/671 (1%) of PA-treated and AL-treated individuals, respectively, with a TB rise in both groups of <1%, suggesting that the liver abnormalities are rare in malaria even when taking medications. Silva-Pinto et al. characterized liver enzymes in returning travelers admitted with uncomplicated malaria, finding that individuals taking AL had a higher proportion of abnormal aminotransferases than those taking quinine and doxycycline [33] . A Woodford et al. [34] retrospective cohort study of in-patient returning travelers described a peak TB on the day of admission during the early period, with a raised ALT in the early and late period, but this study lacked a control group and was prone to selection bias, as individuals without serial liver enzyme measurements were excluded. Reuling et al. [35] studied liver enzymes in in-patient returning travelers with uncomplicated malaria and also in controlled human malaria infection (CHMI) studies. Among returning travelers, they reported a peak TB at the time of diagnosis and a prevalence of aminotransferase abnormalities of 69%, far above those found in other studies. In the CHMI group, whose participants were not returning travelers, similar rises were seen for the aminotransferases but not for TB. This was felt to be due to the lower parasitemia in the CHMI group, leading to less hemolysis. Overall, ALT/aspartate aminotransferases (AST) peaked 2-6 days after initiation of therapy, whereas TB peaked before antimalarial administration. However, there are differences between naturally acquired malaria and CHMI [36] , and the time course of rises makes it difficult to differentiate between the effects of malaria and its treatments.
To characterize liver enzymes in malaria, a retrospective cohort study was designed to obtain longitudinal data on liver enzymes in returning travelers. The primary objective was to ascertain the effect of malaria on aminotransferases and TB, with the secondary objective being to ascertain the time frame when any changes in liver enzymes occur from the initial malaria test.
METHODS

Study Design and Ethics
Symptomatic returning travelers were eligible for enrollment if they presented for malaria testing due to in the period 2010-2017 at Calgary Laboratory Services (CLS) in Calgary and had at least 1 liver enzyme tested within 31 days of the index malaria test. All eligible individuals were enrolled for the liver enzyme analyses, but due to the large number of non-malaria-exposed participants, individuals were randomly selected to be enrolled for the epidemiological analyses. Individuals had epidemiological data recorded on a patient information sheet by the clinician doing the malaria testing. A chart review was undertaken that obtained liver enzymes, epidemiological data, disease severity, and out-patient medication data. Malaria severity was defined in line with WHO guidelines [16] . Out-patient prescriptions for the 6 months before malaria testing were obtained and reviewed for evidence of hepatotoxic medications, as defined by the National Institutes of Health LiverTox database [28] . The liver enzymes recorded were alkaline phosphatase (ALP), ALT, AST, and TB. Ethical approval was obtained from the University of Calgary Ethics Board (Ethics ID: REB15-1160).
Outcomes
The primary outcome was to determine whether malaria leads to increased ALT and TB within 31 days of malaria testing. These liver enzymes were chosen because they were felt to be the most commonly used and relevant markers of liver injury. AST is not regularly tested at CLS, and ALP is more typically raised in obstructive causes of deranged liver enzymes. The secondary objective was to determine the time period when any abnormalities in ALT and TB occur, starting from the initial blood draw. Time periods from index malaria test were split in line with previous literature into an early period: 0-3 days; intermediate period: 4-11 days; and a late period: 12-31 days [34] .
Each individual eligible for enrollment was tested according to standard operating procedure at the time: 3 Giemsa-stained thick and thin peripheral blood smears at least 6 to 8 hours apart and rapid diagnostic tests (RDTs) (BinaxNOW Malaria, Alere, Waltham, MA). Malaria species were identified by microscopy. Liver enzyme testing occurred as part of routine clinical testing on whole-blood specimens, with upper limits of normal used in clinical practice [37] . All liver enzyme measurements were converted into multiples of the age-and gender-specific upper limit of normal, termed ×ULN. This accounted for the differing upper limits of normal for different genders and age groups. The results for the ×ULN values were highly positively skewed, so they were dichotomized into either normal or abnormal values.
Statistical Analysis
First, the impact of epidemiological risk factors on malaria test results was analyzed. Univariable statistical analysis of epidemiological dichotomous variables was performed using chi-square or Fisher exact statistical tests with t tests used for continuous variables, then by multivariable logistic regression. Results for the 4 liver enzymes were analyzed separately. To allow for the generation of results for the univariable analysis, if a participant had multiple values taken within the same time period, the mean value was used. The prevalence of Hy's law was calculated according to these values. For the multivariable analysis, results were obtained over a 31-day period, so they were treated as longitudinal data. Due to evidence of clustering (Supplementary  Table 5 and Supplementary Figure 1 ), logistic regression of binomial longitudinal panel data was performed with robust standard errors and adjustments for serial correlation. The time period was included with early, intermediate, and late values to ascertain their influence on liver enzyme results. Analysis was performed on liver enzymes individually, with missing data excluded from the model. Further details of the methods can be found in the Supplementary Data.
RESULTS
Prevalence of Epidemiological Characteristics With Malaria
As shown in Figure 1 , initial analysis revealed a total 17 207 liver enzyme results from 4548 individuals receiving a malaria test, with a 241/4548 (5.3%) malaria positivity rate. The univariable analysis shown in Table 1 
Impact of Malaria on Liver Enzymes
A total of 17,207 individual liver enzyme measurements were performed in the 31 days after the first malaria test. In the early period, 221/241 (91.7%) of malaria-positive individuals had an ALT measured, compared with 3816/4037 (94.5%) of malaria-negative individuals. However, the percentage of Table 4 . This analysis suggested that the median TB of malariaexposed individuals may be higher than for malaria-unexposed individuals, but no difference was found for ALP, ALT, or AST. The proportion of individuals with abnormal liver enzymes is shown in Table 2 . The proportion of individuals with abnormal ALT was not statistically different in any period, with the proportion abnormal in the early period being 42/221 (19.0%) in the malaria-exposed group and 624/3816 (16.4%) in the unexposed group. For TB in the early period, the proportion with an abnormal result was 48/175 (27.4%) in the exposed group, compared with 129/1665 (7.8%) in the unexposed group, with no difference in the intermediate and late periods. Malaria-negative individuals were more likely to have an abnormal ALP in the early period than malaria-positive individuals (P = .049), but no other statistically significant difference was found in other time frames. For AST, no statistically significant difference was found in any time period. Univariable analyses of severity of malaria, species, and use of hepatotoxic medications (Supplementary Table 6 ) showed that individuals with severe malaria were statistically more likely to have an abnormal TB than those with nonsevere malaria in the early period. Use of hepatotoxic medication appeared to influence ALP in the early period (P = .001) and ALT in the intermediate period (P = .039), but no other associations had a statistically significant difference, and results were not consistent across all time periods.
In terms of Hy's law (Table 3) , there was no difference in the proportion of malaria-positive individuals vs malaria-negative For the multivariable analysis, ALP, ALT, AST, and TB were analyzed as the dependent variables separately to assess the result for individual liver enzymes. To allow for longitudinal logistic regression to be performed, only the first liver enzyme result performed on an individual on any given day was taken, leading to the exclusion of 5 ALP, 6 ALT, 0 AST, and 5 TB results. This left 5412 ALP, 6843 ALT, 1075 AST, and 3861 TB measurements, respectively, included in the analysis. For ALT, 6843 observations were performed on 1271 individuals, with a mean number of observations per individual of 1.5. For TB, 3861 observations were performed on 2186 individuals, leading to mean of 1.8 observations per individual. Gender (P = .451), age (P = .337), and hepatotoxic medication (P = .186) appeared to have no effect on the odds of having an abnormal ALT result (Table 4 ). In addition, malaria positivity also appeared to have no effect (OR, 1.01; 95% CI, 0.54-1.89; P = .978). Using the early period as a reference, ALT results from the intermediate period had significantly higher odds of being abnormal (OR, 2.57; 95% CI, 1.68-3.92; P < .001), but the late period did not (OR, 0.67; 95% CI, 0.40-1.14; P = .139). For TB, males had higher odds of an abnormal result (OR, 5.72; 95% CI, 2.85-11.49; P < .001); adults had lower odds than children (OR, 0.43; 95% CI, 0.21-0.91; P = .026), but hepatotoxic medication (P = .751) did not. Individuals testing positive for malaria had significantly higher odds of having an abnormal TB result (OR, 12.64; 95% CI, 6.32-25.29; P < .001). Compared with the early period, TB measured in the intermediate (OR, 0.58; 95% CI, 0.33-1.04; P = .070) and late periods (OR, 0.72; 95% CI, 0.37-1.39; P = .324) had lower odds of being abnormal, but these were not significant. The malaria result had no effect on the odds of having an abnormal ALP (OR, 0.32; 95% CI, 0.09-1.10; P = .072) or AST (OR, 1.26; 95% CI, 0.22-7.37; P = .794). For the time periods, after adjusting for the other variables; the results for ALP and AST followed a similar pattern as ALT, with values measured in the intermediate period having higher odds of being abnormal than in the early period. Examining malariapositive results only (Supplementary Table 7) , disease severity was borderline statistically significant for abnormal TB (OR, 2.56; 95% CI, 0.99-6.62; P = .052), but having P. falciparum species (OR, 0.70; 95% CI, 0.24-2.05; P = .511) did not appear to significantly increase the odds of having an abnormal TB. No statistically significant difference was found for ALT. The primary objectives of this study were to investigate whether malaria could lead to abnormal liver enzymes in returning travelers and, if so, to ascertain the time course of any changes.
In the multivariable analysis, males had increased odds of having a higher TB but not ALT when compared with females. As described in a number of different studies, males appear to have a higher baseline TB compared with females [38, 39] . Our laboratory uses an identical upper limit of normal for both sexes, so this most likely introduced some misclassification bias for abnormal TB and therefore an overestimation of the odds ratio. Interestingly, those taking hepatotoxic medication were not at higher risk of having an abnormal ALT or TB. However, these medications were being taken in the 6 months before the index malaria test, so individuals were likely to be relatively stable on their medications. Malaria-positive individuals were more likely to have an abnormal TB, with rises in this group most likely to occur during the early period. This is in line with previous literature in returning travelers [34, 35] and appears to fit with a raised TB occurring with malaria, which then begins to return to normal as the individual is treated. As reviewed by Anand et al., hyperbilirubinemia can be conjugated or unconjugated, and the causes are multifactorial, including intravascular hemolysis, disseminated intravascular coagulation, drugs, hepatitis, and G6PD deficiency [20] . The results from this study, along with the biologically plausible explanation, appear to confirm results from other studies that malaria causes raised TB. In contrast to the TB, no increased odds of abnormal ALT results with malaria positivity were found. Other studies have described a raised ALT in returning travelers [34, 35] , but these studies lacked a control group and may be prone to selection bias. Anand et al. reported histological changes in the liver, including centrizonal necrosis, Kupffer cell hyperplasia, hemozoin deposition, lymphocytic infiltration, and steatosis [20] . However, evidence for this comes from studies with small sample sizes and specimens from fatal cases. After adjusting for a multivariable analysis, given that a strong association was seen with TB, one would have expected to find an association, should one exist. In contrast to Woodford et al. [34] , even when examining ALT results for malaria-positive individuals only, there was no statistically significant difference seen across the 3 time periods, but the sample size was small in the intermediate and late time periods. A key strength of this study is the use of a multivariable analysis, which has not been done by other studies. Other studies of returning travelers typically exclude those without serial liver enzyme measurements or do not adjust for clustering, leaving them vulnerable to selection bias and therefore overestimating the prevalence of liver enzyme abnormalities. Symptomatic returning travelers are obviously a different group than individuals enrolled in CHMI trials, with returning travelers being more likely to have been exposed to many novel pathogens, to have taken new medications, or to have been exposed to bloodborne viruses. The use of a control group allows us to make an accurate assessment of the impact of malaria in returning travelers, because these confounding factors are similar across the 2 groups. Furthermore, compared with other studies, the sample size is quite large, so it should be powered to detect any difference in ALT.
One potential criticism of this study is that the malaria group is not compared with a completely "normal" group, but instead one that is symptomatic and often presenting to the hospital. This was deliberate, as we attempted to control for confounding factors in returning travelers and reduce sources of bias. The nonmalaria group will have been exposed to an array of different diagnoses, so we must be cautious when interpreting these results. This limits the generalizability of this study with respect to antimalarial drug development, as this control group does not reflect a population in which drug development occurs, making comparisons challenging. Furthermore, as these are real-life patients and clinical specimens, the liver enzymes available are those from routine clinical care. Consequently, only total bilirubin, and not unconjugated bilirubin, was available for analysis, making it challenging to differentiate the effects of malaria, hemolysis, and genetic conditions such as Gilbert's syndrome on bilirubin results. Our statistical analysis of this may also be criticized. Although this is a retrospective cohort study, we have chosen to use logistic regression as our outcome measure of choice. This may be considered controversial because risk ratio is traditionally used as an outcome measure for cohort studies. This is the first study to utilize multivariate regression analysis in a longitudinal study specifically examining liver enzymes in malaria. In this comparison of malaria-exposed and nonexposed returning travelers, the odds of having an abnormal TB were significantly higher in the malaria-exposed group in the early period compared with the nonexposed group, but no difference was seen for ALT, AST, or ALP. Further prospective studies are required to clarify liver enzymes in the setting of drug development.
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